Engineering the CO 2 -fixing enzyme 
INTRODUCTION
Ribulose-1, 5-bisphosphate carboxylase/oxygenase (Rubisco, E.C 4.1.1.39) is responsible for the sustainability of our biosphere, as it is the first enzyme in the Calvin cycle that carries out carbon fixation with the purpose of assimilating atmospheric carbon dioxide into organic molecules for cellular metabolism and biomass accumulation (Andersson & Backlund 2008; Campbell & Ogren 1992) . Rubisco makes up about half of the total protein composition in C3 leaf cells and approximately one third of the total soluble protein in C4 leaves, thus hinting at its importance (Ellis 1979; Feller et al. 2008) . Different forms of the multi-subunit enzyme have been elucidated, including the hexadecameric form I, the dimeric form II, the multi-dimeric form III and the multi-dimeric Rubisco-like form IV (Tabita et al. 2008 (Tabita et al. , 2007a . All these are putatively derived from an ancestral protein in a methanogenic archaeon (Tabita et al. 2007b) . Hexadecameric Form I Rubisco has long been the subject of intensive study, due to it being the major form found in higher plants and many microorganisms, with the endgoal often being the successful engineering of a 'better' Rubisco (Andersson & Backlund 2008; Genkov et al. 2006; Gutteridge et al. 1993; Spreitzer et al. 1995) . Form I Rubisco consists of eight large subunits (RbcL), which are arranged as a tetramer of dimers. These are capped by eight small subunits (RbcS) at the top and bottom of the RbcL octamer (Figure 1(A) ). Each holoenzyme possesses eight active sites, which are formed by the C-terminal domain of one RbcL and the N-terminal domain of an adjacent RbcL in each dimer (Curmi et al. 1992; Knight et al. 1990; Taylor et al. 2001) .
Generally, Rubisco catalyses the carboxylation of ribulose-1,5-bisphosphate (RuBP) with CO 2 , producing two molecules of 3-phosphoglycerate, which contributes toward photosynthetic growth, but this 'schizophrenic' bifunctional enzyme sometimes catalyses oxygenation of RuBP with O 2 (up to a third of the time under atmospheric conditions), producing 2-phosphoglycolate, which has to be metabolized in an unfavourable ATP-consuming CO 2 -releasing photorespiratory process (Laing et al. 1974; Ogren 1984; Peterhansel et al. 2008 ). This difficulty in discriminating between competing substrates CO 2 and O 2 , which is attributed to their electrostatic similarities (Kannappan & Gready 2008) , restricts photosynthetic growth considerably in most plants, leading to losses in biomass yields (Bainbridge et al. 1995; Parry et al. 2007 ). Indeed, the specious diversity of Rubisco kinetic properties and evolution of CO 2 -concentrating mechanisms found in particular microalgae, cyanobacteria and higher plants point at shortcomings within the enzyme that are preventing maximum carbon fixation (Chen & Spreitzer 1992; Meyer et al. 2012; Tcherkez et al. 2006) . Oft times a high CO 2 /O 2 specificity is compromised by a low carboxylation rate and vice versa (Chen & Spreizer 1992; Tcherkez et al. 2006; Whitney et al. 2011) .
The search for a 'better' Rubisco began when kinetic properties of Rubiscos from various photosynthetic organisms were elucidated, with Rubiscos from thermophilic red algae having the highest CO 2 / O 2 specificity, alongside an acceptable albeit lower carboxylation rate compared to crop species (Jordan & Ogren 1981; Tcherkez et al. 2006; Whitney et al. 2011) . It was calculated that the successful substitution of Rubisco from C 3 crop plant with that of the red alga Griffithsia monilis (CO 2 /O 2 specificity factor of 167) can well increase photosynthetic yield by more than 25% (Long et al. 2006; Zhu et al. 2004) . Unfortunately, Rubisco subunits from phylogenetically distant organisms often fail to assemble, which has limited the diversity of Rubisco genes available for genetic engineering.
When the form I Rubiscos of non-green alga Galdieria sulphuraria and diatom Phaeodactylum tricornutum were introduced into tobacco, the holoenzymes could not form, with the possible cause being an incompatible chaperonemediated folding pathway (Whitney et al. 2001) . It is only recently that plant Rubiscos were functionally expressed in E. coli by co-expressing their chaperone counterparts (Aigner et al. 2017 ). Mutagenesis and directed evolution studies involving localized changes of the holoenzyme on the other hand yielded mixed results, with the most promising being those involving Rubisco-dependent E. coli selection systems whereby there are trade-offs between functional expression and kinetic efficiencies (Mueller-Cajar & Whitney 2008; Parikh et al. 2006; Smith & Tabita 2003; Wilson et al. 2017) .
Sequence and structure-based approaches to investigate non-formation of the holoenzyme would involve analysing effects of each residue substitution on intra-molecular interactions that affects protein conformation, while also assessing solvent accessibility changes in the RbcL sequence for each progression of the subunit assembly up to the order of the complete holoenzyme (Stan et al. 2006) . This is critical as placing hydrophobic residues on solvent-exposed surfaces might lead to protein aggregation while having a polar residue within the hydrophobic core might be destabilizing to the protein structure (Cordes & Sauer 1999; Pakula & Sauer 1990 ). However, there are cases whereby polar residues within the interior of folded proteins contribute greater stability via hydrogen bonding and van der Waals interactions (Pace 2001) . In fact, buried polar groups in mutant human lysozymes exact a low-energy cost that is compensated by forming hydrogen bonds to overcome the loss of hydrophobic effects on protein stability (Takano et al. 2001) . Furthermore, the number of residue substitutions is also a factor to consider. With Synechococcus and Chlamydomonas RbcLs having a total of 85 residue differences, there should be a limit to the number of substitutions a wild-type Rubisco can tolerate before both function and stability are lost (Bloom et al. 2005; Burger et al. 2006) .
In a previous study, an effort was made to determine the RbcL domains of cyanobacteria Rubisco that are essential for successful holoenzyme formation in Escherichia coli (Koay et al. 2016) . Sections spanning the whole coding sequence of cyanobacterial rbcL from Synechococcus PCC6301 were swapped sequentially with homologous sections of the eukaryotic rbcL gene from Chlamydomonas reinhardtii to generate ten chimeric mutants. In the end, it was established that four Synechococcus RbcL sections with residues 1-47, 48-97, 198-247 and 448-472 could be separately swapped without nullifying holoenzyme formation in E. coli (Koay et al. 2016) .
In this follow-up study, we attempt to determine the extent to which Synechococcus RbcL can be phylogenetically substituted to Chlamydomonas RbcL and still form holoenzyme in E. coli. To do so, various combinations of Synechoccous RbcL sections involving the aforementioned residues 1-97, 198-247 and 448-472 were swapped with their collinear sections in Chlamydomonas RbcL. As it turns out, Synechococcus RbcL can only tolerate the combined swapping of residues 1-47 and 48-97, whereby holoenzyme formation for this mutant is detectable in E. coli lysate via nondenaturing PAGE and immunoblotting, but in a greatly reduced amount. Furthermore, to determine whether changing RbcS to that of Chlamydomonas can structurally complement the amino acid changes in RbcL, a chimeric Synechococcus Rubisco with all four RbcL sections substituted and lacking holoenzyme formation had its RbcS substituted, but that did not restore holoenzyme formation.
MATERIALS AND METHODS CHIMERIC SYNECHOCOCCUS RBCL CONSTRUCTION AND CHLAMYDOMONAS RBCS SUBSTITUTION
Chimeric Rubisco plasmids (Figure 1 (B)) were mainly created by using primers and existing plasmids from Koay et al. (2016) to amplify selected fragments, which were then digested with restriction enzymes as indicated in the primer names and then ligated into the pTrcHisB vector backbone of NcoI/PstI-digested pTrcSynLS (MuellerCajar & Whitney 2008) . pL 1+10 S was constructed by ligating fragments from pTrcSynL(Chl1-50)S (Koay et al. 2016 ) and pTrcSynL(Chl451-475)S (Koay et al. 2016) , which were amplified with primer pairs ChlN-NcoI/Syn150-rev-BsmBI (Koay et al. 2016 ) and Syn150-fwd-BsmBI/SynSS-C-PstI (Koay et al. 2016) , respectively. pL 1+2+5+10 S had fragments from pTrcChlLSSynSS (a plasmid with Synechococcus rbcL replaced by Chlamydomonas, unpublished), pTrcSynL(Chl200-250) S (Koay et al. 2016 ) and pTrcSynL(Chl451-475)S (Koay et al. 2016) , which were amplified with primer pairs ChlN-NcoI/Chl100-rev-BsmBI (Koay et al. 2016 ), Syn100-fwd-BsmBI/Syn400-rev-BsmBI (Koay et al. 2016 ) and Syn400-fwd-BsmBI/SynSS-C-PstI (Koay et al. 2016) , respectively. pL 1+2 S had fragments from pL 1+2+5+10 S and pTrcSynLS (Mueller-Cajar & Whitney 2008) , which were amplified with primer pairs ChlNNcoI/Syn150-rev-BsmBI (Koay et al. 2016 ) and Syn150-fwd-BsmBI/SynSS-C-PstI (Koay et al. 2016) , respectively. pL 1+2+10 S had fragments from pL 1+2+5+10 S and pTrcSynL(Chl451-475)S (Koay et al. 2016) , which were amplified with primer pairs ChlN-NcoI/ Syn150-rev-BsmBI (Koay et al. 2016 ) and Syn150-fwdBsmBI/SynSS-C-PstI (Koay et al. 2016) , respectively. pL 1+2+5+10 S C had fragments containing chimeric rbcL from pL 1+2+5+10 S and Chlamydomonas rbcS from pSS1-ITP (Genkov et al. 2010) , which were amplified with primer pairs ChlN-NcoI (Koay et al. 2016 )/SynSSNlink-rev-BsmBI (5'-CTTTGGGCAGAGTTCGTCTCCT CATGATTCAGAAATC-3') and ChlSS-N-fwd-BsmBI (5'-CTCAGGCCGTCTCGATGATGGTCTGGACC-3')/ ChlSS-C-rev-PstI(5'-CTCAGATCGCTGCAGATCTCG ACTTACACGGAGCGCTTG-3'). Constructed plasmids were electroporated into E. coli XL-1 Blue, which were then selected at 37ºC overnight on LB plates with 200 μg/mL ampicillin. Plasmids were verified by size screening on an agarose gel, restriction enzyme mapping and sequencing of the bicistronic rbcL-rbcS operon.
PROTEIN EXPRESSION AND ASSEMBLY ANALYSES OF CHIMERIC RUBISCOS
Essentially, Rubisco expression and protein analyses were carried out similar to Koay et al. (2016) . Briefly, XL-1 Blue E. coli were electroporated with the verified rbcLrbcS constructs and selected on 200 μg/mL ampicillin LB plates at 37ºC to obtain single colonies, which were picked and grown overnight at 37ºC in 10 mL LB cultures (100 μg/mL ampicillin). These starter cultures were then transferred to fresh 100 μg/mL ampicillin LB broths and grown to OD 600 of 0.5 at 37ºC. Rubisco expression was induced with 0.5 mM IPTG for 16 h, after which, E. coli cells were harvested, resuspended to 10% (w/v) in icecold extraction buffer (50 mM Bicine-NaOH, pH8.0, 10 mM MgCl 2 , 10 mM NaHCO 3 , 2 mM DTT) and sonicated. Following that, total cellular proteins were resolved on 7.5% native-PAGE gel, or denatured by mixing with SDS-containing loading buffer and boiled for 30 min before resolving on 12% SDS-PAGE gels. For Western blotting, resolved proteins were probed using rabbit anti-Synechococcus PCC6301 Rubisco IgG (Parikh et al. 2006) and for the detection of Chlamydomonas RbcS in SDS-PAGE, additional rabbit anti-Chlamydomonas RbcS IgG (Esquivel et al. 2013 ) was used.
SCANNING OF CHLAMYDOMONAS AND SYNECHOCOCCUS RBCL SEQUENCES FOR GROEL-BINDING MOTIFS AND HYDROPHOBIC PATCHES
GroEL substrate-protein binding motifs are postulated to have amino acid functional groups characteristic of the GroES mobile loop, which binds in the hydrophobic groove formed by two helices of the GroEL apical domain (Stan et al. 2004) . The most elementary motif is P_HHH, whereby 'P' refers to (p)olar amino acids Asn, Gln, Gly, His, Pro, Ser and Thr, '_' refers to any of the twenty amino acids, and 'H' refers to (h)ydrophobic amino acids Ala, Cys, Ile, Leu, Met, Phe, Trp, Tyr and Val (Stan et al. 2006) . A further criterion applied in the search for binding motifs is that these residues should become inaccessible upon transition to the native assembled Rubisco oligomer (Stan et al. 2006) . A second approach to look for GroEL recognition sites was by screening Synechococcus and Chlamydomonas RbcL for local hydrophobic patches with average hydropathy indices (Kyte & Doolittle 1982) greater or similar to that of the GroEL-binding seven-residue GroES mobile loop region, which has amino acid identity GGIVLTG FIGURE 1. A) Location of amino acids mutated in the holoenzyme of Synechococcus Rubisco (PDB ID 1RBL). Left, complete hexadecameric holoenzyme with large subunits in silver and white and small subunits in gold and yellow. Mutated residues are indicated (green, Section 1; blue, Section 2; purple, Section 5; red, Section 10) for only one subunit. Right, a single subunit is shown as transparent surface with Section 5 residues as solid spheres (purple) and B) constructs of the chimeric Rubiscos with section numbers denoted below the Chlamydomonas genes. Amino acid numbers are demarcated in each section, in lieu of base pairs and hydropathy index of 1.514 (Chaudhuri & Gupta 2005; Kumar et al. 2012) .
RESULTS

STRUCTURAL POSITION OF THE SWAPPED LARGE SUBUNIT SECTIONS AND CONSTRUCTS OF CHIMERIC RUBISCOS
Residues changed in Rubisco large subunit Sections 1, 2 and 10 are mainly situated on the holoenzyme surface (Figure 1(A) ). In addition, because Sections 1 and 10 are at the N-and C-terminal ends of the large subunit, respectively, these sections were predicted to be flexible and more tolerable of amino acid changes, therefore, a chimeric Synechococcus Rubisco was created with these two terminal end sections swapped to Chlamydomonas while retaining the Synechococcus small subunit (L
1+10
S in Figure 1 (B)). Next, because Sections 1 and 2 are adjacent in the protein primary structure and comprise over 60% of the 150-amino acid ferredoxin-like fold N-terminal domain, these sections were predicted to have complementing residue interactions that might warrant changing the interacting functional groups simultaneously, therefore, a chimeric Synechococcus Rubisco was made with only these two sections substituted with that of Chlamydomonas (L 1+2 S in Figure 1 (B)). A chimera was also constructed replacing mainly the surface sections (Sections 1, 2 and 10) (L 1+2+10 S in Figure 1 (B)) since perturbations on the holoenzyme surface is predicted to be less destabilizing to its structural core. Another chimera was also created with all four sections (Sections 1, 2, 5 and 10) substituted (L 1+2+5+10 S in Figure 1 (B)) followed by a further chimera, which had the Chlamydomonas Rubisco small subunit (L 1+2+5+10 S C in Figure 1 (B)) to ascertain whether accompanying small subunit changes can complement large subunit alterations caused by our sectional swaps.
PROTEIN EXPRESSION
For all chimeric Rubisco constructs, the mutant genes were expressed in E. coli, with the RbcL and RbcS proteins detected in each transformant cell lysate when resolved by Figure 2 ). RbcL levels only differed slightly among the various Rubisco transformants based on SDS-PAGE, albeit these differences become seemingly striking upon immunoblotting, most likely because of alterations to the epitope identity and antibody affinity in some of the mutants as a result of changing their protein sequences (Figure 2 ). However, for reasons that have yet to be ascertained, RbcS levels were lower for cells with the mutant constructs compared to the one with the wild-type construct (Figure 2 ), but because the rbcL and rbcS genes were expressed as a bicistronic transcript, it is reasonable to eliminate disparate transcript stabilities and levels as a cause for the reduced RbcS production.
PROTEIN ASSEMBLY
Remarkably, only the chimeric Rubisco with RbcL sections 1 and 2 swapped (L 1+2 S) formed complete hexadecameric holoenzyme at a detectable level on native-polyacrylamide gel and immunoblotting, though the amount of assembled holoenzyme is markedly less than that of wild type (Figure 3 ). The absence of other chimeric holoenzymes and the reduced amount of L 1+2 S suggested that the various mutations are destabilizing and combining these mutations abrogates holoenzyme formation. Perhaps other complementing amino acid substitutions in RbcL sections that were not probed in the current study are required.
BIOINFORMATICS ANALYSES
GroEL binding motifs were found throughout RbcL, specifically in Sections 1, 2, 3, 4, 6, 9 and 10 (Supplementary File 1). When considering only binding motifs that are buried in the native hexadecameric Rubisco, Chlamydomonas RbcL has twelve putative GroEL binding motifs whereas Synechococcus RbcL only has nine ( Table  1) . The three additional motifs in Chlamydomonas RbcL are in Sections 6 and 9 (Table 1) . Because binding motifs need to be ten residues apart on the primary structure in order to bind to adjacent GroEL subunits (Stan et al. 2004) , the three additional motifs possibly extend the Sections 6 and 9 motifs to encompass extra contact sites with Chlamydomonas chaperones but distort the proper contacts with bacterial chaperones. Conversely, Synechococcus RbcL has twenty eight hydrophobic patches with hydropathy indices greater than that of the GroES mobile loop, which is the best GroEL substrate, whereas Chlamydomonas RbcL only has sixteen (Supplementary File 2). These seven-residue hydrophobic patches could also hint at binding sites for GroEL. The fourteen additional patches in Synechococcus span Sections 2 (into 3), 3, 4, (Table 2) . Notwithstanding the disparity in the number of GroEL binding sites found, both sequence-based methods in this study mainly preclude sites from Sections 1, 2, 5, and 10.
DISCUSSION
Here we show that when Synechococcus PCC6301 RbcL sections previously defined as non-determinants for holoenzyme formation (Koay et al. 2016) were simultaneously swapped with that of Chlamydomonas, the various mutant combinations mainly resulted in additive effects that nullified holoenzyme production.
Only the chimeric Rubisco having RbcL Sections 1 and 2 substituted together, totalling 25 residue substitutions, could form in the E. coli transformants, albeit at reduced levels compared to wild-type Rubisco (Figure 3 ). This implies that even though Sections 1 (residues 1-47), 2 (residues 48-97), 5 (residues 198-247) and 10 (residues 448-472) of Synechococcus RbcL may be separately non-critical for holoenzyme assembly, they do contain residues that provide a certain stability to the overall protein conformation. The structural basis for why residue changes in the aforementioned sections influence holoenzyme stability can be deduced by comparing the Rubisco structures of Chlamydomonas (PDB ID 1GK8) and Synechococcus (PDB ID 1RBL). The large subunit N-terminus has a different conformation between Synechococcus and Chlamydomonas ( Figure 4 ). Because substitutions in this region comprise of S9A and A10G (Chlamydomonas RbcL numbering) occur in Section 1 chimeras, which includes all chimeric proteins in this study, the chimeric large subunits are predicted to mimic the Chlamydomonas N-terminus structural arrangement, which could cause losses of van der FIGURE 4. Overlaid Synechococcus (PDB ID 1RBL) and Chlamydomonas (PDB ID 1GK8) large subunits (white ribbons), with differing crucial N-terminus Section 1 residues (green) which interacts with the Synechococcus small subunit (gold). Critical residues are represented with ball and sticks (blue, nitrogen; red, oxygen) and bolded (Synechococcus) or italicised (Chlamydomonas). Large subunit residues are numbered based on the Chlamydomonas sequence. Measured distances (in Å) for large/small subunit contacts which are lost upon mutation are indicated Waals contacts between the large subunit residues and the Synechococcus small subunit residues His-39 in b-strand A and Phe-63 in the loop between b-strand B and α-helix B (Figure 4) . A previous alanine-scanning mutagenesis study on Chlamydomonas small subunit demonstrated compelling evidence that b-strand A has a role in holoenzyme stability, whereby an E43A mutant enzyme was unstable at an elevated temperature of 35ºC (Genkov & Spreitzer 2009 ). An F81A (Phe-63 in Synechococcus) mutant Chlamydomonas enzyme also had a decrease in thermal stability (Genkov & Spreitzer 2009 ). Therefore, it is unsurprising that our mutant chimeras with alterations that potentially disrupt complementing residue interactions between the large subunit N-terminus and small subunit have impaired protein stability. To test whether these disruptions can be restored by concomitant changes to the small subunit, we also constructed a chimeric enzyme with the small subunit swapped, but curiously, assembled holoenzyme still could not form (Figure 3 ).
In addition to Section 1, changes in other sections are also predicted to perturb amino acid side-chain interactions. Large subunit Leu-73 (Chlamydomonas RbcL numbering), which is mutated to Gly-73 in the Section 2 chimeras, is expected to have weakened, if not lost van der Waals contacts between the significantly diminished glycine functional group and the large subunit N-terminus ( Figure  5 ). Another Section 2 mutation, K83R (Chlamydomonas RbcL numbering) on β-strand C potentially lengthens the distance between residue 83 and the pyrrole ring of Pro-104, which is positioned between β-strand D and α-helix C (Figure 6 ). Interestingly, Pro-104 is hydroxylated in the Chlamydomonas enzyme, albeit replacement of this residue with alanine did not cause any obvious structural disruptions despite its close proximity to the interface between interdimeric large subunits (Rasineni et al. 2017) . Within the Section 2 chimeras, β-strand C also has a H86D (Chlamydomonas RbcL numbering) mutation, which might cause destabilizing repulsive forces with the similarly negatively-charged Glu-88 on the same secondary structural element (Figure 6 ). Indeed, our results accord with a previous study whereby several mutations on β-strand C, including D86R and P89A, halved the amount of holoenzymes produced relative to wild type (Ott et al. 2000) .
For Section 10 chimeras, as a consequence of amino acid substitution L459C, abolished van der Waals contact between the branched isobutyl side chains of Leu-459 on large subunit α-helix H and Leu-445 on α-helix G is and Pro-50 (Ala-50 in Synechococcus), which is absent in the Synechococcus structure (Figure 8 ). These interactive forces may be responsible for stabilizing the folded large subunit.
It is noteworthy that expression of mutant Rubisco large subunits is almost indistinguishable from wild-type in the E. coli transformants despite extensive modifications to the protein sequence (Figure 2 ). This suggests that transcription and translation of the mutant large subunits are unaffected even though the large subunit has an autoregulatory role in translational arrest by binding to its own mRNA transcript (Cohen et al. 2006; Wostrikoff & Stern 2007) .
In this study, sequence-based approaches were also undertaken to rule out Sections 1, 2, 5 and 10 from harbouring crucial differences in binding sites for the GroEL chaperone which could be key determinants for enabling bacterial Rubisco assembly in E. coli (Goloubinoff et al. 1989; Lin & Rye 2006; Saschenbrecker et al. 2007 ) while preventing assembly of eukaryotic Rubisco (Cloney et al. 1993; Koay et al. 2016) . Scanning the primary structures of Synechococcus and Chlamydomonas RbcL identified putative GroEL substrate-protein binding motifs (Stan et al. 2006 (Stan et al. , 2004 in Sections 1, 2, 3, 4, 6 and 9 of the large subunit, with distinctions between the two species limited to Sections 1, 6 and 9, which correspond to Synechococcus residues 1-47, 248-297 and 398-447 (Supplementary File 1) . Binding motifs should also be buried when the substrate protein is already in its properly-folded assembled native conformation to avoid unnecessary binding and refolding of it by the chaperone complex (Stan et al. 2006) . With this additional criterion, we further narrowed down the possible important binding motifs to within Sections 6 and 9 (Table 1) .
One could attempt to deduce whether a particular mutant protein would successfully form holoenzyme or not based on mutational strain threshold by simply counting the number of amino acid changes since protein instability generally increases with mutations (Bloom et al. 2005) . However, such an approach would miss the mark in this case because while Chimera L 1+2 S, which has as many as 25 residue substitutions encompassing Sections 1 and 2, is capable of holoenzyme formation, Chimera L 1+10 S, which has only 18 substitutions, could not produce assembled holoenzyme (Figure 3) . Therefore, we infer that there must FIGURE 8. Comparison between Synechococcus (PDB ID 1RBL) and Chlamydomonas (PDB ID 1GK8) of critical Sections 1 (green; nitrogen atoms in blue) and 2 (blue; oxygen atoms in red) residues. These residues form a network of interactions in Chlamydomonas, with contact distances shown in Å Another bioinformatics approach is to evaluate the RbcL sequence for seven-residue hydrophobic segments that closely match the hydrophobicity of the seven-residue GroES mobile loop with sequence GGIVLTG, which presents hydrophobic interactions with the GroEL apical domain (Chaudhuri & Gupta 2005) . The GroES loop has a hydropathy index of 1.514 (Chaudhuri & Gupta 2005) , thus hydrophobic patches with hydropathicity greater than 1.514 were evaluated (Table 2) . From this analysis, differences in potential GroEL binding sites between Synechococcus and Chlamydomonas are found in Sections 2, 3, 4, 6, 7, 8 and 9 (Table 2 ). For Section 2 sites, they extend into Section 3, therefore, the demarcation of Sections 2 and 3 are less well-defined for these sites (Table 2) . Hence, distinctions in definable possible GroEL-binding sites between the two species are confined to Sections 3, 4, 6, 7, 8 and 9, which correspond to Synechococcus residues 98-147, 148-197, 248-297, 298-347, 348-397 and 398-447. From this study, protein assembly analysis of combinatorial mutations indicates that mutations in Sections 1, 2, 5 and 10 are destabilizing to the holoenzyme but there are possible complementary interactions between Sections 1 and 2, which could partially offset the destabilizing forces. A correlation between the present bioinformatics analyses and chimeric Rubisco holoenzyme formation in Koay et al. (2016) is observed, whereby key determinants for successful Synechococcus, but not Chlamydomonas Rubisco formation in E. coli can be discounted from Sections 1, 2, 5 and 10 of RbcL. The two bioinformatics methods (Chaudhuri & Gupta 2005; Stan et al. 2006 ) also concur and seemingly suggest that Sections 6 and 9 could be future targets for investigating disparities between Chlamydomonas and Synechococcus Rubisco formation in E. coli. 
